A spherical harmonic model of the lunar gravity field complete to degree and order 70 has been developed from S band Doppler tracking data from the Clementine
provide the strongest satellite constraint on the Moon's low-degree field. In contrast the historical data, collected by spacecraft that had lower periapsis altitudes, provide distributed regions of high-resolution coverage within +29°of the nearside lunar equator.
To obtain the solution for a high-degree field in the _bsence of a uniform distribution of observations, we applied an a priori power law constraint of the form 15 × lO-S/l 2 which had the effect of limiting the gravitational power and noise at short wavelengths.
Coefficients through degree and order 18 are not significantly affected by the constraint, and so the model permits geophysical analysis of effects of the major basins at degrees 10-12. The GLGM-2 model confirms major features of the lunar gravity field shown in previous gravitational field models but also reveals significantly more detail, particularly at intermediate wavelengths (103 kin). Free-air gravity anomaly maps derived from the new model show the nearside and farside highlands to be gravitationally smooth, reflecting a state of isostatic compensation.
Mascon basins (including Imbrium, Serenitatis, Crisium, Smythii, and Humorum) are denoted by gravity highs first recognized from Lunar Orbiter tracking. All of the major mascons are bounded by annuli of negative anomalies representing significant subsurface mass deficiencies. Mare Orientale appears as a minor mascon surrounded by a horseshoe-shaped gravity low centered on the Inner and Outer Rook rings that is evidence of significant subsurface structural heterogeneity. Although direct tracking is not available over , a significant part of the lunar farside, GLGM-2 resolves negative anomalies that correlate with many farside basins, includingserted into elliptical orbits with periapses of 50 to 100 km above the lunar surface. The Apollo spacecraft were placed in near circular orbits at low inclinations with a mean altitude of 100 km, although some tracking was acquired from altitudes as low as 10 to 20 km. The tracking data sampled the gravity field of the Moon at a resolution unprecedented for orbiting spacecraft, at either the Earth, Venus, or Mars. However, the spatial coverage of the tracking was incomplete, with no direct tracking data available over large portions of the lunar farside. During the initial investigations, in the 1960s and 1970s, researchers were limited in the size of the spherical harmonic solutions that could be developed by the computers then available. Because of the power of the higher degree harmonics in the tracking data, the early solutions encountered severe difficulties with the aliasing of the high-degree signal into the lower degree terms. In an effort to exhaust the available signal in the tracking data, other methods were employed to map the lunar gravity field. [1973] , Sjogren et al. [1974a] , Ferrari [1977] , Bills and Ferrari [1980] , and Konopliv et al. [1993] . The analysis of the Lunar Orbiter data by Muller and Sjogren [1968] led to the discovery of the mass concentrations ("mascons") under the ringed lunar maria. Williams et al. [1973] employed laser ranging to retroflectors left on the lunar surface in combination with lunar gravity solutions derived from radiometric tracking.
The lunar laser ranging data are sensitive to the second-degree and thirddegree gravity field harmonics, through their influence on the lunar physical librations [Dickey et al., 1994] .
Sjogren et al. [1974a] used data from the Apollo 15 and 16 subsatelIites to map the nearside of the Moon h:29°i
n latitude and -4-100' in longitude, using both LOS accelerations and the estimation of discrete masses on the lunar surface. The Apollo subsatellites marked the first time an extensive amount of data was acquired from a lunar satellite in low-altitude (100 km) nearcircular orbit.
The command and service modules of the Apollo spacecraft were also located in low-altitude, near-circular orbits.
In some cases, these spacecraft came as low as 12 to 20 km from the lunar surface; however, these data were limited spatially and temporally.
The data from Apollo missions 8 and 12, in combination with the Lunar Orbiter data, were used by Wong et al.
[1971] to solve for 600 discrete masses over the nearside (+600 in latitude and +950 in longitude).
Data from
Apollo missions 14, 15, 16, 17, were used by Muller et al. [1974], and Sjogren et al. [1972a,b; 1974b,c] 
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Method of Solution Definition
The lunar gravity potential, U, is modeled in spherical harmonics using the expression,
where the expansion is defined in spherical coordinates with radius r, latitude ¢, and longitude )_; C'Im and _'_m represent the normalized geopotential coefficients; /3_m are the normalized associated Legendre functions of degree I and order m; ae is the reference equatorial radius; G is the universal constant of gravitation, and M is the lunar mass.
In a coordinate system whose origin coincides with the center of mass, the degree one terms of equation (1) vanish. The geopotential coefficients may be unnormalized by the following relation [Kaula, 1966] ,
where 30,_ is the Kronecker delta (30m = 0 for m#0, and 30,_ = 1 for m=0), and the equation can apply to C't,_ 
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Processing of the Tracking Data
The data were divided into independent data spans, known as arcs, based on knowledge of the spacecraft orbit characteristics, frequency of maneuvers, and avail- et al., 1993; Nerem et al., 1993] . GEODYN was used to converge the orbital arcs and create the normal equations for the least squares solution.
A companion program to GEODYN, SOLVE [Ullman, 1994] , was used to derive the least squares solution.
The normal equations were grouped by satellite, spacecraft mission phase, and orbital geometry.
In selecting the a priori weights for each set of data, consideration was given to the apparent data noise (as deduced from analysis of the residuals on a pass by pass basis), the periapse altitude, the length of the data arc, the number of acceleration parameters in an arc, and mission phase. Inspection of the maps of the free-air gravity anomalies also played a role in the selection of the weights.
Sets 
where A is the set of normal equations, z is a vector representing the deviation of the coefficients from their a priori values )C, and B is the residual vector. Unfortunately, the lunar tracking data are nonuniform in both spatial resolution and distribution. As a consequence, it is not possible to obtain a solution directly, and an a priori constraint must be applied. One approach is to apply a constraint such that
The diagonal elements of the a priori covariance matrix, /5, have the form and 10-5
where K is a scaling factor. Fermri [1977] applied this constraint with &t= 35 x lO-S/l 2, and Konopliv et al.
[1993] used &l = 15 × 10-S/l 2. Bills and Ferrari [1980] used a slightly different power law of the form, such that 1.4 × 10 -6 Pl = (7) (21 + 1)2(l)(l + 1) which, they argued, did not overestimate the lowdegree variances, as did the a priori power law used by [1977] . The application of these sorts of constraints on the total spectral power of the coefficients by degree prevents the high-degree terms from developing excessive power and allows a 70x70 solution to be obtained.
Fermri
One difficulty with the application of this and Sjogren, 1994 and Sjogren, , 1995 . Their technique involves applying a power law constraint both spatially and spectrally. This is accomplished by writing observation equations on a global basis such that the anomalies on the surface beyond a certain degree are zero to within a prescribed sigma, determined from Kaula's rule. Since we wished to mute the high frequency excursions in the gravity anomalies, we preferred the constraint _t = 15 × 10-5/12, although we did test solutions with weaker Kaula Constraints, such as _t= 30 x 10-5/I 2, and &t= 60 x 10-S/l 2. A detailed analysis using the spatial and spectral approach was beyond the scope of this study, but a comparison of this method as well as an eigenValue technique for stabilization for sparse matrices is a current subject of investigation [Lemoine et al., 1996] . In the course of deriving our final spherical harmonic solution, we developed a number of interim solutions to evaluate our results. Some of the fields that we discuss in this paper and their relationship to GLGM-2 are described in Table 3 . The data used in the derivation of GLGM-2 are summarized in Table 4 .
Calibration of GLGM-2
Once all the data had been processed and assembled into the appropriate set of normal equations, we calibrated the final solution using the method of Lerch [1991] . This method involves deriving subset solutions, LGM-261 70x70
LGM-296a 70x70 GLGM-2 70x70
LGM Table 5 .
For completeness, we show a complete table of the final sigmas applied to the data in GLGM-2, following the calibration procedure (see Table 6 ).
Results
Power of the Coefficients
The LGM-309c, a solution complete to degree and order 30 derived with no Kaula constraint.
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LGM3Ogd: CLGM-2 wrthouf Clementine data. Figure 4) . The error distribution correlates with the distribution of available tracking data (see Figure 1) , and the proximity of periapsis to the lunar equator for the eccentric lunar orbiters. The gravity anomaly errors are listed in Table  7 , along with the computed free-air gravity anomalies of prominent lunar basins and maria. The GLGM-2 gravity anomaly values are compared with those from
LGM-309b, where the power law constraint was relaxed to 30 x 10-5]1 _. Relaxing the power law constraint increases the power in the field. However, the anomalies computed from the LGM-309b field differ from the GLGM-2 values by less than the predicted GLGM-2 gravity anomaly uncertainty. There is a broad-scale correlation of geoid with topography (see Figure 5) , with the exception of the mascon basins (cf. Imbrium, Serenitatis, Crisium, Humorum), which are geoid highs. Since these basins are located at lower elevations, and since the total elevation change over these basins is small compared to the total range in planetary topography, these mascon basins appear as spikes in Figure 5 . South Pole-Aitken is revealed as a large and prominent geoid low with a minimum of about -270 m. The uncertainty in the GLGM-2 geoid also correlates with the tracking data distribution and is nearly identical in shape to the freeair gravity anomaly error map, depicted in Figure 4 .
The projected errors from the GLGM-2 error covariance range from 2 m on the equatorial nearside to 24 m on the high latitude regions of the farside. For short arcs (1 to 2 days) of Clementine data, we saw little difference in the RMS of fit to the tracking data when using either a priori Konopliv et al. [1993] model, and both GLGM-1 and GLGM-2.
Tests
F-off'his reason, our test set of Clementine arcs are longer -between 4 and 12 days in length.
As would be expected, once the data are added into GLGM-1 and GLGM-2, we see an improved fit on these test arcs, compared to the Konopliv et al. [1993] model.
Analysis of Coefficient Differences
The differences in the coefficient sigmas between GL-GM-2 and Lun60d [Konopliv et al., 1993] , normalized by the coefficient sigmas from the GLGM-2 gravity model are shown in Figure 6 . These coefficient differ- ences are compared to the solution without the Clementine data (LGM-309d). Concentrating on the field below degree 20, the figure shows that the Clementine data have the most profound effect on the lower degree portion of the field. In fact, the addition of Clementine changes the J2_, ,13, Jzl, J3s, J42, J44, and the sectoral terms (the Jtm coefficients for which 1 = m) through degree 10, by three to nine sigma. In Figure  7 , we illustrate the percent difference in the coefficient sigmas between the LGM-309d solution (no Clementine data) and the GLGM-2 solution. This figure illustrates the sensitivity of the Clementine data to the gravity field, and underscores the strength of this satellite's contribution to the low degree (1 = 2 to 3), and sectoral terms through degree 20. The sectoral terms of the spherical harmonic expansion are purely longitudinal [Kaula, 1966] . The sensitivity that Clementine provides for these terms results from the polar orbit geometry of the spacecraft, as well as the strength and quMity of the tracking data. Of interest is to compare the solution for the low degree terms from GLGM-2 with those derived from lunar laser ranging.
We present the comparisons in Table   9 . The greatest discrepancies occur for ,/3, C_2, and
Cal. All other terms show reasonably close agreement. We also include in Table 9 the coefficients from LGM309d (GLGM-2 with no Clementine data), to illustrate bLunar laser ranging (LLR) from Dickey et at. [1994] . e60x60 spherical harmonic solution from Konopliv et al. [1993] . dT0x70 sphei-ical harmonic solution from this paper. eLGM-309d = GLGM-2 with no Clementine data.
orbit (see Figure 8 ). For a 100-km near-circular polar orbit, the total position error caused by uncertainties in the GLGM-2 gravity field will be 1.4 km at order 1 and 1.6 km at order 2. It is 0nly beyond order 15 that the position uncertainty due to gravity field error falls below 100 m. In a 100-kin near-polar orbit, the total position error due to the uncertainties in the GLGM-2 gravity field is 2.5 km. This total position error increases to 4.2 km for a circular polar orbit at 50-km altitude, and 
